The antiandrogen bicalutamide is widely used in the treatment of advanced prostate cancer (PCa) in many countries, but its effect on castration-resistant PCa (CRPC) is limited. We previously showed that resistance to bicalutamide results from activation of mechanistic target of rapamycin (mTOR). Interestingly, clinical trials testing combinations of the mTOR inhibitor RAD001 with bicalutamide were effective in bicalutamide-naïve CRPC patients, but not in bicalutamide-pretreated ones. Here we investigate causes for their difference in response. Evaluation of CRPC cell lines identified resistant vs sensitive in vitro models, and revealed that increased eIF4E(S209) phosphorylation is associated with resistance to the combination. We confirmed using a human-derived tumor xenograft mouse model that bicalutamide pre-treatment is associated with an increase in eIF4E(S209) phosphorylation. Thus, AR suppressed eukaryotic initiation factor 4E (eIF4E) phosphorylation, while the use of antiandrogens relieved this suppression, thereby triggering its increase. Additional investigation in human prostatectomy samples showed that increased eIF4E phosphorylation strongly correlated with the cell proliferation marker Ki67. Small interfering RNA-mediated knockdown (k/d) of eIF4E-sensitized CRPC cells to RAD001+bicalutamide, whereas eIF4E overexpression induced resistance. Inhibition of eIF4E phosphorylation by treatment with CGP57380 (an inhibitor of mitogen-activated protein kinase-interacting serine-threonine kinases MAP kinase-interacting kinase 1 (Mnk1/2), the eIF4E upstream kinase) or inhibitors of extracellular signal-regulated kinase 1/2 (ERK1/2), the upstream kinase-regulating Mnk1/2, also sensitized CRPC cells to RAD001+bicalutamide. Examination of downstream targets of eIF4E-mediated translation, including survivin, demonstrated that eIF4E(S209) phosphorylation increased cap-independent translation, whereas its inhibition restored cap-dependent translation, which could be inhibited by mTOR inhibitors. Thus, our results demonstrate that while combinations of AR and mTOR inhibitors were effective in suppressing tumor growth by inhibiting both AR-induced transcription and mTOR-induced cap-dependent translation, pre-treatment with AR antagonists including bicalutamide increased eIF4E phosphorylation that induced resistance to combinations of AR and mTOR inhibitors by inducing cap-independent translation. We conclude that this resistance can be overcome by inhibiting eIF4E phosphorylation with Mnk1/2 or ERK1/2 inhibitors.
INTRODUCTION
The androgen receptor (AR) is known to have central roles in development and progression of prostate cancer (PCa). Patients with advanced PCa are treated with androgen-deprivation therapy (ADT), 1 but often develop resistance to ADT, resulting in castration-resistant PCa (CRPC). Multiple studies reported that ADT increases activation of mechanistic target of rapamycin (mTOR). 2, 3 Our laboratory demonstrated coordinated activation of mTOR and AR in PCa, 4 and that the immunosuppressant rapamycin (sirolimus), an mTOR inhibitor, but not the unrelated immunosuppressant tacrolimus, reduced serum levels of the AR transcriptional target prostate-specific antigen (PSA) in male kidney transplantation patients. 5 However, rapamycin or its more bioavailable analog RAD001 (everolimus) were ineffective as single agents in CRPC patients. 6 We demonstrated that this is due to an increase in AR transcriptional activity caused by mTOR inhibition 7 and that inhibition of both pathways by combination of RAD001 and the antiandrogen bicalutamide caused growth arrest in some CRPC models.
Bicalutamide is used in many countries following ADT resistance. Based on our results, a phase II clinical trial to test the efficacy of RAD001 and bicalutamide in bicalutamide-naive ADT-resistant PCa patients was carried out, showing significant efficacy (PSA decline ⩾ 50% in 62.5% patients). 8 However, in another trial with a bicalutamide-resistant population, RAD001 and bicalutamide was ineffective. 9 The aim of the present study was to identify causes of resistance to RAD001+bicalutamide combination that may explain these differences. mTOR can act in complex with raptor (mTORC1) or rictor (mTORC2) with entirely different functions. 10 mTORC1 increases mRNA translation by phosphorylation of downstream molecules p70S6 kinase (p70S6K) and eukaryotic initiation factor 4E (eIF4E)binding protein-1 (4E-BP1), while mTORC2 regulates survival by phosphorylation of Akt(Ser473) and protein kinase C-α. mTORC1activated p70S6K phosphorylates the 40S ribosomal protein S6. 11 4E-BP1 binds to and inactivates eIF4E, whereas 4E-BP1 phosphorylation by mTOR releases eIF4E, which associates with eIF4G to form the translational initiation complex eIF4F. eIF4G-associated eIF4E binds to m7G-cap at the 5′ end of eukaryotic mRNAs, initiating translation. 12 Significantly, eIF4E(S209) phosphorylation by mitogen-activated protein kinase (MAPK)-interacting kinase 1/2 (Mnk1/2) is important for tumorigenicity, 13, 14 but not for normal mammalian growth. 15, 16 Mnk1/2 k/d inhibited eIF4E(S209) phosphorylation and suppressed PTEN loss-induced tumorigenesis. 14 Further, knock-in mice expressing phospho-resistant eIF4E(S209A) prevented oncogenic transformation by Ras activation or PTEN loss in a prostate-specific model. 17 Previous studies had indicated that AR transcriptional activity is decreased with PTEN loss, whereas phosphoinositide 3 kinase (PI3K) inhibition activates AR signaling. 18 AR inhibition activates Akt signaling, and combined pharmacological inhibition of PI3K and AR signaling caused regression in a PTEN-deficient PCa model. 18 Increased eIF4E(S209) phosphorylation has been associated with altered affinity to m7G-cap. Mnk1-induced eIF4E phosphorylation is associated with increased internal ribosome entry-site (IRES)-dependent translation. 19 However, inhibition of Mnks reduced polysomal recruitment of terminal oligopyrimidine messenger RNA, which are targets of cap-dependent translation. 20 Thus, there is a discrepancy in the literature on the role of eIF4E phosphorylation regarding regulation of capdependent translation, which was pursued in the current project.
Here, we demonstrate that resistance of CRPC tumors to RAD001 and bicalutamide correlates with eIF4E phosphorylation. Both bicalutamide and the AR inhibitor enzalutamide stimulate eIF4E(S209) phosphorylation, which prevents further treatment with combinations of AR and mTOR inhibitors. These results may have implications in ongoing and future clinical trials of AR antagonists (including enzalutamide and the androgen synthesis inhibitor abiraterone acetate, both used for patients with aggressive CRPC) with mTOR inhibitors.
RESULTS

High eIF4E(S209) phosphorylation associated with resistance of CRPC cells to combination of mTOR inhibitor and AR antagonist
We established models of response vs no-response to RAD001 +bicalutamide combination, using CRPC lines that did not respond to bicalutamide alone (C4-2, PC-346C, CWR-R1 and 22Rv1) ( Figure 1a ). Sensitivity was defined as 450% loss of viability by the 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay at physiological doses of 1 nM RAD001 and 10 μM bicalutamide over 7 days. C4-2 cells were most sensitive to this combination with 69% viability loss (P = 0.003) and PC-346C most resistant (24% reduction; P = 0.004). Similarly, 22Rv1 cells were sensitive to the combination (68.7% viability reduction, P = 0.026), whereas another related line CWR-R1 was less sensitive (39.5% reduction; P = 0.0002). Protein characteristics were investigated by western blotting to identify mechanisms of resistance vs sensitivity (Figure 1b ). Cell lines sensitive to the combination of RAD001 and bicalutamide (C4-2 and 22Rv1) expressed higher levels of phosphorylated Akt(S473) and 4E-BP1(S65) and lower levels of PTEN and phosphorylated eIF4E(S209) compared with resistant lines (PC-346C and CWR-R1).
We also tested by MTT the viability of C4-2 and PC-346C against the mTOR/PI3K inhibitor BEZ235 and the dual mTORC1/C2 inhibitor INK128, either alone or in combination with bicalutamide ( Figure 1c ). Similar to RAD001, C4-2 responded to both BEZ235 (reduced viability by 71.5%; P = 0.002)) and INK128 (reduced by 63.5%; P o 0.0001)). In contrast, PC-346C cells showed no significant response to BEZ235 (8.3%; P = 0.351), and a small one to INK128 (36.3%; P = 0.006). Even in combination with bicalutamide, the response in C4-2 cells were much stronger compared with PC-346C. Similar effects were observed when enzalutamide, a stronger AR inhibitor, was used in combination with mTOR inhibitors ( Supplementary Figure 1 ). PC-346C cells expressed negligible phosphorylated Akt and high phosphorylated extracellular signal-regulated kinase (ERK) and p38MAPK (upstream regulators of eIF4E phosphorylation) compared with C4-2 ( Figure 1d ). eIF4E phosphorylation was attenuated by both BEZ235 and INK128 in C4-2 cells, where they suppressed growth, but not in PC-346C cells, where they had no effect. Based on these results, eIF4E phosphorylation correlated with resistance to mTOR and AR inhibitors in CRPC cell lines.
Bicalutamide treatment increases phosphorylation at eIF4E(S209), but not at Akt(S473) or 4E-BP1(S65), in CWR22 xenograft tumors in immunocompromised mice We also tested the effect of the parent mTORC1 inhibitor rapamycin in combination with bicalutamide in an animal model. As our clinical trial indicated that the combination is more effective in a bicalutamide-naive population, 8 we selected the bicalutamide-sensitive CWR22 patient-derived xenograft to test the effects of the drugs. Mice were subcutaneously implanted with suspensions of CWR22 cells. When palpable tumors were observed, animals were treated with (a) vehicle, (b) 50 mg/kg bicalutamide (estimated intratumoral concentration 10 μM), (c) 8 mg/kg rapamycin (estimated intratumoral concentration 1 nM) or (d) rapamycin+bicalutamide (n = 6 per arm). Since the Figure 1 . Correlation between the responses of CRPC cells to bicalutamide (Casodex) and RAD001 and the expression and phosphorylation of various proteins. (a) MTT viability assay of PCa cell lines C4-2, 22Rv1 (Rv1), PC-346C (not related to AR-null PC-3) and CWR-R1 (R1) treated with RAD001 (1 nM) alone or in combination with 10 μM bicalutamide (Caso) for up to 7 days. In C4-2 cells, bicalutamide and RAD001 individually reduced viability by 17% (P = 0.065) and 61% (P = 0.002), respectively, compared with control. However, the combination reduced viability by 69% (P = 0.002); therefore, improving the effects of both. Similarly, in 22Rv1 cells, neither bicalutamide (22%, P = 0.26) nor RAD001 (38%, P = 0.192) alone causes a significant viability reduction compared with control. However, the combination reduced viability by 68.7% (P = 0.0259). Even in the resistant line CWR-R1, bicalutamide (12% decrease, P = 0.004) improved the effects of RAD001 alone (36% decrease, P = 0.0003) to 49.5% (P = 0.0002); however, in PC-346C, bicalutamide made the effects of RAD001 (42.5%, P = 0.023) worse (24.6%, P = 0.004). Bicalutamide-sensitive LNCaP cells were used as positive control. (Sensitivity to the drug combination was defined as 450% loss of viability.) Results are shown in absorbance fold change to first day of treatment. (b) Western blots of C4-2, PC-346C, CWR-R1, 22Rv1 and LNCaP cells without any treatment to show and compare basal levels of protein expression and phosphorylation between these cell lines. (c) MTT viability assay of C4-2 and PC-346C cells challenged with the rapalogs BEZ235 (10 nM) or INK128 (25 nM) alone or in combination with bicalutamide (Caso) for up to 7 days. Similar to RAD001, only C4-2, but not PC-346C, responded to the combination of BEZ235 and bicalutamide (89% reduction for C4-2, P = 0.0008; 14.5% for PC-346C, P = 0.123); however, both cell lines responded, at least partially, to the combination of INK128 and bicalutamide (94% reduction for C4-2, P = 0.00013; 67.2% for PC-346C, P = 0.006). (d) Western blots showing the mTOR pathway molecular profile of C4-2 and PC-346C treated with RAD001, BEZ235 or INK128 for 48 h. effect of this combination on tumor growth is reported, 21, 22 we investigated the expression of factors identified above-phosphorylated Akt, 4E-BP1, eIF4E and so on ( Table 1) . Serum was analyzed for PSA levels (as CWR22 is a human-derived tumor line), showing that serum PSA was lower in combinations of rapamycin +bicalutamide compared with bicalutamide alone, in support of clinical observations 8 (Figure 2a ).
Immunohistochemistry revealed a trend to higher Akt phosphorylation in rapamycin-treated mice compared to controls, and in dually treated tumors compared to vehicle-or bicalutamidetreated ones ( Figure 2b ). Both p70S6K and phospho-p70S6K, but not phospho-4E-BP1, were differentially expressed between the groups (Table 1 ). Additionally, bicalutamide increased eIF4E phosphorylation (P = 0.009) ( Figure 2c ), indicating that ARantagonism stimulate eIF4E phosphorylation associated with resistance to AR and mTOR inhibitors.
AR, but not PTEN, negatively affects eIF4E(S209) phosphorylation In both C4-2 and PC-346C, bicalutamide increased p70S6K phosphorylation after 48 h of treatment, which was prevented by the addition of RAD001 (Figures 3a and b) (effect of RAD001 alone is shown in Supplementary Figure 2 ). In C4-2 we observed a small increase in phospho-Akt with bicalutamide alone (2.22-fold), but not for the combination (Figure 3a ), whereas in PC-346C, phospho-Akt increased up to 72 h after treatment (9.79-fold for bicalutamide alone and 14.2-fold for the combination) ( Figure 3b ). Phosphorylation of eIF4E increased over time in both C4-2 (4.8fold after 72 h) and PC-346C cells (3.76-fold after 72 h) with bicalutamide alone (Figures 3a and b) , whereas the addition of RAD001 attenuated this increase in C4-2 cells but not in PC-346C cells. The increase in eIF4E phosphorylation upon 48-h bicalutamide treatment is further demonstrated by immunofluorescence in C4-2 cells ( Figure 3c ).
We next compared these cells with C4-2B, another LNCaP derivative, and pRNS1-1, a PTEN-positive normal prostate-derived cell line immortalized by SV-40 transformation, which subsequently lost the expression of AR in culture, [23] [24] [25] [26] stimulating eIF4E phosphorylation ( Figure 3d ). Parental pRNS1-1 cells were resistant to all three mTOR inhibitors tested (Figure 3e , upper). Transfection of AR (T877A), the mutant AR found in LNCaP cells and its derivatives, rendered these cells sensitive to mTOR inhibitors (Figure 3e , lower). Significantly, AR(T877A) (also wild-type AR; Supplementary Figure 3 ) suppressed eIF4E phosphorylation (Figure 3f ), supporting a role for eIF4E phosphorylation in resistance to mTOR inhibitors. The effect of AR on eIF4E phosphorylation was independent of PTEN status of the cell, and AR overexpression did not affect PTEN expression ( Figure 3f ). Further, expression of PTEN in C4-2 cells (Supplementary Figure 4A ) caused a decrease in Akt phosphorylation, but did not significantly affect eIF4E phosphorylation. As a result, although PTEN expression suppressed cell growth in C4-2 cells, it did not affect the response of these cells to the combination of RAD001 and bicalutamide ( Supplementary Figures 4B and C) . Taken together, these data demonstrate that AR, but not PTEN, Table 1 . Expression of various proteins in mice treated with (i) vehicle, (ii) 50 mg/kg bicalutamide, (iii) 4 mg/kg rapamycin and (iv) bicalutamide +rapamycin Control (n = 6) Bicalutamide (n = 6) Rapamycin (n = 6) Rapamycin+bicalutamide (n = 6) P-value (Kruskal-Wallis test)
Abbreviations: eIF4E, eukaryotic initiation factor 4E; ERK, extracellular signal-regulated kinase; mTOR, mechanistic target of rapamycin. P-value denotes difference between the groups. Significant differences are denoted in bold.
The androgen receptor is a negative regulator of eIF4E phosphorylation negatively affects levels of eIF4E(S209) phosphorylation and that increased eIF4E phosphorylation in CRPC can result from inhibition of AR activity during ADT. Figure 3f also shows that expression of wild-type AR, but not mutant AR, suppresses phosphorylation of both Akt and p70S6K, whereas 4E-BP1 phosphorylation is negatively proportional to AR expression in these cells, irrespective of AR mutation. On the other hand, eIF4E phosphorylation was suppressed by AR, irrespective of its level or mutational status. Both p70S6K 27, 28 and Akt 29, 30 requires phosphorylation by both mTOR and PDK1 for full activation. In contrast, the phosphorylation of 4E-BP1 is mainly dependent on mTORC1, 31 whereas that of eIF4E is dependent on Mnk/MAPK. 13, 14 We conclude that in pRNS1-1 cells, wild-type AR, but not mutant AR (T877A), has a strong negative effect on PDK1/ Left-Immunohistochemistry staining of CWR22 xenografts from nude mice treated with dimethyl sulfoxide (DMSO), rapamycin, bicalutamide or the combination (n = 6 per arm). After end of treatment, mice were killed and the tumors excised. Formalin-fixed paraffin-embedded tumor specimens were stained with anti-phospho-Akt(Ser473) antibody. Right-Box plot of phospho-Akt in CWR22 xenografts from different treated mice demonstrating a slight but not significant increase in Akt phosphorylation in rapamycin-treated mice when compared to vehicle alone and a significant increase in phospho-Akt in the dual treated mice when compared with control (P = 0.025) and bicalutamide alone (P = 0.022) (n = 6 per arm). (c) Left-Immunohistochemistry staining of CWR22 xenografts from nude mice with the same treatments as above now blotted against phospho-eIF4E(S209). Right-Box plot of phospho-eIF4E scores in CWR22 xenografts showing a sharp increase in phosphorylation of eIF4E in bicalutamide-treated mice. Investigators were not blinded to the outcomes in this experiment.
PI3K. In contrast, both wild-type and mutant AR equally affects mTOR in these cells, thereby enabling AR level but not AR mutation-dependent 4E-BP1 phosphorylation. However, the effect of AR on MAPK is both mutation-and level-independent. eIF4E(S209) phosphorylation correlates strongly with proliferation rates in human PCa specimens Previous studies demonstrated that eIF4E levels and phosphorylation were increased in hormone refractory tissues compared with hormone-sensitive ones; 17 however, the effect of eIF4E phosphorylation on proliferation in human tumors was unknown. Sections from prostate tumors of 78 patients were stained against total and phospho-eIF4E(S209), PTEN, phospho-Akt, phospho-p70S6K, phospho-mTOR, phospho-4E-BP1, AR and the cellular proliferation marker Ki67, and scored by a Pathologist who was blinded to the outcomes and cross-references. In support of previous reports, 17 we observed a significant increase in both eIF4E (P = 0.001) ( Figure 4a ) and phospho-eIF4E(S209) (P = 0.033) ( Figure 4b ), cytoplasmic AR (P o 0.001) and nuclear Ki67 (P o 0.001) levels in matched tumors compared with surrounding non-tumor tissues (n = 78) ( Table 2 ). In tumors, eIF4E correlated significantly with PTEN, phospho-Akt(S473), phospho-p70S6K (T389) and AR, whereas phospho-eIF4E correlated with phospho-mTOR(S2481) and with phospho-4E-BP1(S65) ( Table 3 ). We determined significant correlation between phospho-eIF4E and Ki67 (Spearman's correlation coefficient = 0.42, P = 0.012) ( Figure 4c ), but not between eIF4E levels and Ki67 (not shown). This ascertained that phosphorylation of eIF4E, and not its expression, have a role in proliferation in human PCa. eIF4E phosphorylation regulates resistance to mTOR inhibitors in CRPC cells Next, we investigated the effect of eIF4E phosphorylation on cell viability and resistance to mTOR inhibitors. EIF4E was knocked down in PC-346C cells by a small interfering RNA (siRNA) pool (Figure 5a ), which inhibited cell viability (67.3% decrease in viability compared with cells treated with control siRNA, P = 0.046) (Figures 5b and c) . We also investigated the effect of Figure 3 . The AR is a negative regulator of eIF4E phosphorylation at S209. Western blots of C4-2 (a) and PC-346C (b) cells treated with either bicalutamide alone or in combination with RAD001 and collected in different time points from 1 min to 4 days. Different proteins of the mTOR pathway were blotted to show changes in expression and phosphorylation when treated with the drugs. An increase in P70S6K phosphorylation in both cell lines is noticeable when treated with bicalutamide alone, which goes in hand with previous findings from our laboratory where AR antagonists increase the mTOR activity. The combination of an mTOR inhibitor with bicalutamide ceases that activation as shown in both cells. We can also notice that phosphorylation of eIF4E remains the same overall in C4-2 but it is increased in PC-346C in both treatments. (c) Immunofluorescence of C4-2 cells treated for 48 h with either vehicle (dimethyl sulfoxide (DMSO)) or bicalutamide and stained for phospho-eIF4E (FITC) or nuclear marker 4',6-diamidino-2-phenylindole) (DAPI), and both stain results overlapped (right) demonstrating increase in eIF4E phosphorylation in bicalutamide-treated cells. (d) Western blots of the normal prostate cell line PRSN1-1 and CRPC cells C4-2, C4-2b and PC-346C demonstrating inverse correlation between AR expression and eIF4E phosphorylation. (e) MTT viability assay of pRNS1-1 (upper) or pRNS1-1 cells that were stable transfected with AR mutant T877A (lower) treated with different mTOR inhibitors up to 7 days showing no effect on viability of this cell line by any of the mTOR inhibitors unless AR was expressed. (f) Western blots of mTOR pathway proteins in pRNS1-1 cells transfected with empty vector, WT-AR or T877A mutant demonstrating decrease in phospho-eIF4E when AR is present in cells.
The androgen receptor is a negative regulator of eIF4E phosphorylation overexpressing eIF4E in C4-2 cells (Figure 5d ). Significantly, eIF4E overexpression caused an increase in Akt phosphorylation, and increased viability, both in the presence of vehicle (28% increase; P = 0.0307) or RAD001 (77.13% increase; P = 0.0159) (Figure 5e ). More importantly, eIF4E overexpression had a significant effect on the ability of both bicalutamide and RAD001 to inhibit C4-2 viability. Whereas in cells transfected with an empty vector, bicalutamide induced a 50% inhibition, in those transfected with eIF4E-HA, the same drug induced a 40% inhibition (P o0.001). Similarly, eIF4E overexpression reduced the ability of RAD001 to decrease growth in the same cell line from 96 to 82% (Po 0.01). Taken together, these results indicate that eIF4E overexpression induces resistance to RAD001, alone or with bicalutamide, in CRPC cells.
Bicalutamide-induced eIF4E phosphorylation is mediated by an increase in ERK phosphorylation Previous studies indicated that eIF4E phosphorylation is regulated by MAPK; 32 therefore, we investigated the role of this pathway in mediating bicalutamide-induced eIF4E phosphorylation. Bicalutamide increased ERK phosphorylation, but not that of p38MAPK in C4-2 cells (Figure 6a ). This effect was independent of RAD001induced eIF4E phosphorylation, as RAD001 increased AR transcriptional activity on a PSA promoter (Figure 6b ), whereas bicalutamide inhibited PSA (Figure 6a ). Treatment with RAD001 increased phosphorylation of both ERK1/2 (in PC-346C cells) and p38MAPK (in C4-2 cells) (Figure 6c ), which are known regulators of Mnk1/2. 33 We showed that both RAD001 and the dual mTOR/PI3K inhibitor BEZ235 upregulate the MAPK/Mnk/eIF4E pathway in C4-2 cells, whereas in PC-346C, only RAD001, but not BEZ235, had a similar effect. However, AR inhibition by castration induced both ERK and p38MAPK phosphorylation. Athymic nu/nu mice were subcutaneously implanted with 22Rv1 cells and either left intact (n = 6) or castrated (n = 6). Mice were killed 28 days after castration or sham operation, and the tumors were excised and processed for western blotting (Figure 6d ). Results indicated that despite the CRPC status of these cells, castration induced an increase in not only eIF4E(S209) phosphorylation but also p38MAPK(T180/Y182) and ERK(T202/Y204) phosphorylation.
To determine whether the increase in ERK or p38 signaling mediated the effect on eIF4E phosphorylation, PC-346C cells were treated with RAD001, the ERK1/2 inhibitor PD98059 and the p38MAPK inhibitor SB203580 (Figure 6e ). RAD001, but not PD980959 or SB203580, increased eIF4E phosphorylation levels. In support of a role for eIF4E phosphorylation in RAD001 resistance, the combination of PD98059 and SB203580 sensitized PC-346C cells to RAD001 (Figure 6f ). Taken together, these results demonstrate that high ERK and p38MAPK phosphorylation results in elevated levels of eIF4E phosphorylation, which induces resistance to mTOR inhibitors.
Suppression of eIF4E phosphorylation by Mnk inhibitors sensitize CRPC cells to mTOR and AR inhibitors
Next, we investigated the effects of suppressing eIF4E phosphorylation, rather than its expression, on sensitivity of CRPC cells to RAD001. The Mnk1/2 inhibitor CGP57380 prevented eIF4E phosphorylation (Figures 7a and b ), but did not affect eIF4E expression ( Figure 7b ). Whereas RAD001 increased eIF4E phosphorylation, this effect could be overcome by CGP57380 in both PC-346C and in C4-2 cells (Figure 7c ). Similar to bicalutamide, increase in eIF4E phosphorylation was observed upon enzalutamide treatment, which was also prevented by CGP57380 ( Supplementary Figure 5A) .
Cell viability assays demonstrated viability suppression by CGP57380 in both C4-2 (decrease = 82.1%, Po 0.0001) and PC-346C cells (decrease = 51.3%, P = 0.00002) (Figure 7d ). Combination with RAD001 suppressed growth even further (C4-2: 96.2%, P = 0.00007 vs CGP57380 alone; PC-346C: 80.5%, P = 0.00000118). CGP57380 also sensitized both lines to enzalutamide ( Supplementary Figures 7B and C) . Cell cycle analysis by flow cytometry demonstrated G1 arrest with both RAD001 and CGP57380, which was compounded when used in combination (increased G1 48-62.4%) (Figure 7e ), and induced apoptosis in both C4-2 (increased apoptosis 2.29-13.8%) and PC-345C cells (increased apoptosis 3.12-8.24%) treated with both CGP57380 and RAD001 (Supplementary Figure 5D ). Thus, inhibition of eIF4E phosphorylation sensitized these cells to a combination of RAD001 with AR antagonists.
Significantly, in C4-2 cells, CGP57380 suppressed Akt phosphorylation at S473 (Figure 7f) . Interestingly, Figure 7f shows that p70S6K phosphorylation was suppressed by CGP57380 in PC-346C but not in C4-2 cells. However, this effect is independent of PTEN expression since neither PTEN-null LNCaP nor PTEN-expressing CWR-R1 or 22Rv1 cells show a decrease in p70S6K phosphorylation with CGP57380 treatment, nor were it affected by the PI3K inhibitor BKM120 in either C4-2 or PC-346C cells (Supplementary Figure 6 ). In addition, 4E-BP1, but not p38MAPK phosphorylation, was upregulated by CGP57380 in PC-346C, but not in C4-2 cells. Additional combination with bicalutamide did not significantly affect the viability of either C4-2 or PC-346C cells. Overall, these results demonstrate that antiandrogens upregulate eIF4E phosphorylation, which in turn increases proliferation rates and induces resistance of CRPC cells to further treatment with combinations of mTOR and AR inhibitors. eIF4E phosphorylation promotes cap-independent translation, which is insensitive to mTOR inhibitors Finally, we investigated the role of eIF4E phosphorylation on targets of cap-dependent translation including survivin. In C4-2 cells, RAD001 (which affects cap-dependent translation), but not bicalutamide (which affects AR-mediated transcription), severely decreased survivin levels (Figure 8a ) despite no effect by RAD001 on survivin mRNA expression ( Supplementary Figure 7) . However, in PC-346C cells, neither RAD001 nor bicalutamide had any effect on survivin, indicating loss of dependence on cap-dependent translation (Figure 8a) . In contrast, protein levels of c-myc and cyclin D1, which express IRES in all cells, were not similarly affected, despite suppression of mRNA levels, likely due to a switch to cap-dependent translation upon RAD001 treatment. These results indicate a role for high eIF4E phosphorylation in PC-346C cells in resistance to RAD001 by switching to a capindependent translation mechanism.
Hence, we investigated whether reducing eIF4E phosphorylation switched translation back to a cap-dependent mechanism. siRNA k/d of eIF4E reduced eIF4E levels and eliminated eIF4E phosphorylation in both RAD001-sensitive C4-2 and RAD001insensitive CWR-R1 cells (Figure 8b ). eIF4E k/d reduced survivin levels in both C4-2 cells and CWR-R1 cells, and even cyclin D1 levels were significantly reduced in CWR-R1 upon eIF4E k/d. Similarly, eIF4E dephosphorylated by CGP57380 suppressed eIF4E phosphorylation but not expression ( Figure 8c) , and resulted in a The androgen receptor is a negative regulator of eIF4E phosphorylation decrease in survivin, c-myc and cyclin D1 levels upon CGP57380 even in mTOR-resistant PC-346C cells. We then tested whether inhibition of eIF4E phosphorylation sensitized cells to RAD001 by switching back to cap-dependent translation. A dual-luciferase reporter system in which the viral IRES element of encephalomyocarditis virus (EMCV) is positioned between genes encoding Firefly luciferase and Renilla luciferase proteins was used for this purpose (described in Sekiyama et al. 34) (Figure 8d ). In this system, Firefly luciferase and Renilla luciferase expression results from cap-dependent and -independent translation initiation, respectively. 34 C4-2 and PC-346C cells were transfected with the dual reporter and treated as shown. The data are expressed as ratio of Firefly luciferase/Renilla luciferase, where high values demonstrate cap-dependent translation and The androgen receptor is a negative regulator of eIF4E phosphorylation low values indicate cap-independent translation. CGP57380, but not RAD001 or bicalutamide, increased the ratio of capdependent/cap-independent translation, supporting our hypothesis. In addition, CGP57380 treatment sensitized survivin levels to RAD001 (Figure 8e ), thereby indicating that upon suppression of eIF4E phosphorylation, survivin levels were mostly maintained by cap-dependent translation; hence, it was susceptible to inhibition by RAD001. Significantly, cyclin D1, which can be regulated by both cap-dependent and -independent translation, was also similarly affected (Figure 8e ). This supports the notion that inhibition of eIF4E phosphorylation switches translation back to a cap-dependent mechanism that then sensitizes PCa cells to mTOR inhibitors.
DISCUSSION
A phase II study to test the efficacy and tolerability of RAD001 in combination with bicalutamide in men pretreated with bicalutamide alone reported only 2/36 (5.6%) patients experienced an initial PSA decline 450%. 9 In contrast, the same combination in a bicalutamide-naïve cohort was effective (450% reduction in PSA in 15/24 (62.5%)). 8 Here, we show that the differences in response of the two groups lie in the upregulation of eIF4E phosphorylation induced by prior use of bicalutamide. We demonstrate that AR expression suppresses eIF4E phosphorylation, whereas inhibition of AR by bicalutamide (or enzalutamide) increases it, which induces resistance to the combination. The efficacy of combinations of AR and mTOR inhibitors lie in coordinated inhibition of both AR-induced transcription and mTOR-induced cap-dependent translation. However, AR inhibition also increases eIF4E phosphorylation, which shifts translation to cap-independent pathways, thereby rendering mTOR inhibitors ineffective. Our data show that pre-treatment with bicalutamide increased eIF4E(S209) phosphorylation, thereby inducing cap-independent translation resistant to these combinations. In contrast, in bicalutamide-naïve cells, eIF4E phosphorylation remained low, and the tumor cells responded to the same. This resistance can be overcome by inhibition of eIF4E phosphorylation with Mnk1/2 or ERK1/2 inhibitors.
Various studies indicated efficacy of combinations of a rapamycin analog and an AR antagonist in CRPC models. 21, 22, 35 Rapamycin and its analogs increased eIF4E(S209) phosphorylation at S209, despite no direct activation site for rapamycin on this protein. [36] [37] [38] We now show that the effects of both RAD001 and bicalutamide on eIF4E phosphorylation are mediated by increased activation of the MAPK pathway, which regulates Mnk1/2, the kinase that phosphorylates eIF4E at S209. However, it is likely that the mechanisms by which the two drugs activate MAPK are independent of each other and that while RAD001 uses a translation-dependent mechanism, bicalutamide uses a ARtranscription-dependent one ( Supplementary Figure 8) .
We determined that higher phospho-eIF4E affected not only the response of CRPC cells to RAD001+bicalutamide but also to combinations of other mTOR inhibitors (INK128, BEZ235) and AR antagonists (enzalutamide). As further proof that eIF4E phosphorylation is the cause of resistance to the combination of RAD001 and bicalutamide, suppression of eIF4E phosphorylation with the Mnk1/2 inhibitor CGP57380 or ERK1/2 inhibitors sensitized the resistant cells to RAD001. This strategy has previously been shown to be successful in other tumors. 39 Previous reports showed that eIF4E activation correlated with reduced patient survival and PCa progression. 17, 40 In addition, we now demonstrate that increased eIF4E phosphorylation correlates with proliferation in patient tissues.
Our data indicate that eIF4E phosphorylation regulated proliferation and survival by allowing cap-independent translation of key downstream targets. A case in point is the cell survival protein survivin, which has a high turnover rate and is usually translated by a cap-dependent mechanism only. As a result, in C4-2 cells, this protein is easily suppressed by RAD001, which, as a specific inhibitor of mTORC1, selectively inhibits cap-dependent translation. However, in PC-346C cells expressing very high levels of phospho-eIF4E(S209), survivin is not affected by RAD001, indicating the advent of cap-independent translation. Combination with the Mnk inhibitor CGP57380 reduced eIF4E phosphorylation and sensitized survivin levels to RAD001. Even cyclin D1, which has a known IRES site, 41 was suppressed by RAD001 when cotreated with CGP57380. It may be noted that dual Mnk/AR inhibitors were previously shown to be effective in inhibiting growth of 22Rv1-and LNCaP-derived CRPC cells. 42, 43 Thus, our data indicate that bicalutamide-resistant patients would benefit from pre-treatment with Mnk and ERK inhibitors that would sensitize them to the combination of RAD001+bicalutamide. These results should be kept in mind with the advent of multiple clinical trials to test the efficacy of enzalutamide or abiraterone acetate in combination with various mTOR inhibitors. 44 
MATERIALS AND METHODS
Patient characteristics
Seventy-eight formalin-fixed paraffin-embedded primary prostate tumor and corresponding surrounding non-tumor tissues were available from archives of VA Northern California Health Care System (VANCHCS), Laboratory and Pathology Services. All tissue was collected in accordance with a protocol approved by the VANCHCS Institutional Review Board (IRB) under a waiver of consent as per the regulations of the VANCHCS IRB. Patients included had undergone prostatectomy 2002-2012, and at least 5-year follow-up data was available for analysis. Tumor and non-tumor areas were identified by a pathologist. Sixty micrometers of core samples were extracted from specified areas of the donor blocks, which were arranged in triplicate in a tissue microarray using a Beecher Instruments Manual Tissue Arrayer (BeecherInstruments, Inc., Sun Prairie, WI, USA). Hematoxylin-eosin staining was used as a reference for interpreting additional sections of the tissue microarray stained with various antibodies. Pharmaceuticals. BKM120, BEZ235 and RAD001 were kindly provided by Novartis Pharmaceuticals (Basel, Switzerland). Rapamycin were purchased from LC Laboratories (Woburn, MA, USA). PD98059, SB23580 and INK128 were obtained from Selleckchem (Houston, TX, USA). CGP57380 was purchased from Tocris Bioscience (Bristol, UK). Casodex (bicalutamide) was kindly provided by AstraZeneca (Cheshire, UK). Enzalutamide was kindly provided by Medivation (San Francisco, CA, USA).
Cell culture and materials
Antibodies. The antibodies used were as follows: PTEN (9559), p44/42 (Erk1/2)(9107), phospho-p44/42 (Thr202/Tyr204) (9101), p38MAPK (8690), phospho-p38MAPK (Thr180/Tyr182) (4511), eIF4E (9742), phospho-eIF4E (Ser209) (9741), Mnk (2195), phospho-Mnk (Thr197/202) (2111), phospho-4E-BP1(Ser65) (9451), AKT (4685), phospho-Akt(Ser473) (9271), mTOR (2983), phospho-mTOR (Ser2448) (2971), phospho-p70S6K (Thr421/ Ser424) (9205), AR (3202), α-Tubulin (2125), c-Myc (9402), survivin (2808), cyclin D1 (2978), BCL-2 (2872), p-eIF4G (2441) and EGFR (2232) were from Cell Signaling Technology (Beverly, MA, USA), 4E-BP1 (6936), AR (N-20) (816), β-actin (130656) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). GAPDH (MAB374) was from EMD Millipore (Darmstadt, Germany). Phospho-eIF4E (Ser209) (ab76256) for immunohistochemistry and immunofluorescence were from Abcam (Cambridge, UK). Ki67 (7240) antibody was from DAKO via Agilent Technologies (Santa Clara, CA, USA).
Plasmids and siRNA. Cells were transiently transfected using Lipofectamine 2000 (Invitrogen, Grand Island, NY, USA) according to the manufacturer's specifications. The following plasmids were used in the transfections: pCDNA3 (Invitrogen, Carlsbad, CA, USA), pRL-HCV-FL (kindly provided by Dr Xinbin Chen, UC Davis School of Veterinary Medicine, Davis, CA, USA), pcDNA3-FLAG PTEN (Addgene, Cambridge, MA, USA), pHA-eIF4E (Addgene), eIF4E siRNA (sense: 5′-GGAUGGUAUUGAGCCUAUGTT-3′; antisense: 5′-CAUAGGCUCAAUACCAUCCTT-3′), and control siRNA (Cell Signaling Technology, Beverly, MA, USA).
Mouse studies
Mice (4-5 weeks old, nu/nu athymic male) were obtained from Harlan Sprague-Dawley Inc. (Indianapolis, IN, USA) and implanted subcutaneously with sustained release testosterone pellets (12.5 mg, 90-day release; Innovative Research of America, Sarasota, FL, USA). All animal experiments were carried out in accordance with a protocol approved by the UC Davis Institutional Animal Care and Use Committee (IACUC). Suspensions of CWR22 (kindly provided by Dr Clifford Tepper, Department of Biochemistry, UC Davis) or 22Rv1 cells in 50% Matrigel-solubilized basement membrane (BD Biosciences, San Jose, CA, USA), and tumors were established by subcutaneous injections of 2.5 × 10 6 cells per site into both flanks. Tumor-bearing mice were left intact or castrated by standard procedures. 45 When palpable tumors were observed, animals were randomly assigned to one of the following groups (n = 6 per group) and were treated with (a) vehicle (peanut oil only), (b) bicalutamide, delivered by oral gavage at a dose of 50 mg/kg, 100 μl per dose, five times per week, dissolved in ethanol and delivered as a suspension in peanut oil, (c) rapamycin at a dose of 4 mg/kg five times a week by oral gavage, delivered as a suspension in peanut oil and (d) bicalutamide+rapamycin. At the end, mice were killed, and tumors were collected for paraffin embedding. Blood from the killed animals was fractionated and serum was collected for analysis.
Statistical analysis
Analyses were conducted using the statistical software environment R, version 3.2.1 (R Core Team, 2015). 46 Mouse studies: Marker levels were compared between groups using Kruskal-Wallis tests to test globally for any differences among groups, followed by pairwise comparisons using Wilcoxon's rank-sum tests in the case of a significant Kruskal-Wallis test. Correlations between markers were estimated using Spearman's correlation coefficient. Based on resampling, with six mice per group, the power of the Wilcoxon's rank-sum test to detect a difference in expression of cytoplasmic phospho-eIF4E between groups is~99%, using the observed data distributions as the true data distributions for the purposes of sampling.
Tumor microarrays: Correlations between the expressions of two proteins were estimated using Spearman's rank correlation. Protein expression was compared between matched cancer and normal tissue using Wilcoxon's signed-rank tests. All tests are nonparametric. Based on resampling, with 78 paired cancer/non-cancer samples, the power of the Wilcoxon's signedrank test to detect a difference in expression of eIF4E between cancer and non-cancer samples is~71%, after adjustment for multiple testing and using the observed data distributions as the true data distributions for the purposes of sampling.
Other methods
Western blotting, MTT viability assay, flow cytometry, immunohistochemistry and immunofluorescence were performed as described elsewhere. 47 Dual-Glo luciferase assay was conducted as described in Sekiyama et al. 34 PSA ELISA was described in Mikhailova et al. 48 All studies were repeated in triplicate biological replicates and were repeated at least two times with consistent results. Data are presented as mean ± s.d. of three replicates.
